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SUMMARY 


The  High  Altitude  Effects  Simulation  (HAES)  Program  sponsored  by  the 
Defense  Nuclear  Agency  since  the  early  1970  time  period,  comprises  several 
groupings  of  separate,  but  interrelated  technical  activities,  e.g.,  ICECAP 
(infrared  Chemistry  Experiments  - Coordinated  Auroral  Program).  Each  of  the 
latter  have  the  common  objective  of  providing  information  ascertained  as 
essential  for  the  development  and  validation  of  predictive  computer  codes 
designed  for  use  with  high  priority  DoD  radar,  communications,  and  optical 
defensive  systems. 

Since  the  inception  of  the  HAES  Program,  significant  achievements  and 
results  have  been  described  in  reports  published  by  DNA,  participating  service 
laboratories,  and  supportive  organizations.  In  order  to  provide  greater  visi- 
bility for  such  information  and  enhance  its  timely  applications,  significant 
reports  published  since  early  calendar  197^  shall  be  identified  with  an 
assigned  HAES  serial  number  and  the  appropriate  activity  acronym  (e.g.,  ICECAP) 
as  part  of  the  report  title.  A complete  and  current  bibliography  of  all  HAES 
reports  issued  prior  to  and  subsequent  to  HAES  Report  No.  1,  dated  5 February 
197^  entitled,  "Rocket  Launch  of  an  SWIR  Spectrometer  into  an  Aur  ra  (ICECAP 
72),"  AFCRL  Environmental  Research  Paper  No.  kob,  is  maintained  and  available 
on  request  from  DASIAC,  DoD  Nuclear  Information  and  Analysis  Center,  816  State 
Street,  Santa  Barbara,  California  93102,  Telephone  (805)  9t'5-055^- 

This  report,  which  is  the  final  report  under  DNA  Contract  DNA001-7t'-C-00 I? 
is  the  60th  report  in  the  HAES  series,  and  covers  the  technical  activities 
performed  during  the  period  I Aug.  1976  through  December  1976.  The  purpose 
of  the  work  described  herein  was  to  investigate  the  fluorescence  of  CO2  ^6  ^-3 
microns  when  irradiated  with  radiation  near  2.7  microns,  and  to  determine  the 
intensity  and  composition  of  the  resulting  fluorescent  radiation  and  the 
mechanisms  responsible  for  producing  the  observed  spectral  characteristics  of 
this  radiation. 
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PREFACE 


The  author  would  like  to  thank  Dr.  J.  B.  Kumer  for  advice  and  discusEions 
which  have  been  crucial  in  leading  to  a successful  observation  of  4.3  nm 
emission  and  which  have  led  to  an  understanding  of  the  problems  involved  in 
fully  understanding  the  experimental  results.  Calculations  of the  Band  Transmission 
and  Equivalent  widths  were  carried  out  using  computer  programs  developed  by 
Dr.  Kumer.  Discussions  with  Dr.  A.  Roche  have  been  useful  in  carrying  out  the 
calibration  measurements . 
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I.  INTRODUCTION 


This  report  describes  experimental  measurements  of  fluorescence  of  CO^ 
at  k.3  |im  when  irradiated  with  radiation  at  2,7  pm.  The  discussion  of  this 
section  can  be  more  clearly  followed  by  reference  to  the  partial  energy  level 
diagram  in  figure  1. 

COg  has  two  combination  bands  of  moderate  intensity  which  occur  near 
2,7  pm.  These  are  the  02  1 - 000  band  which  is  centered  at  2,77  pm  and  the 
101-000  band  centered  at  2,69  pm.  Excitation  of  molecules  in  these  bands 
produces  excited  molecules  which  are  able  to  radiatively  decay  via  several 
routes , 

For  the  isolated  molecules,  that  is  completely  in  the  absence  of  colli- 
sions, the  predominant  radiative  decay  mechanism  in  the  emissi  ti  of  radiation 
centered  near  1,3  pm  which  corresponds  to  transitions  in  which  is  decreased 
by  unity,  A simple  calculation  (see  James  and  Kumer  (l)  ) indicates  that  the 
transition  02^1  -»  02 °0  and  101  -»  100  which  result  in  fluorescence  at  1,3  pm 
should  occur  with  a 95’^  probability.  The  re-emission  of  2,77  and  c ,69  pm 
bands  occurs  with  approximately  a 51^  probability. 

Additional  possibilities  for  radiative  decay  include  the  bands  0 ^1-01  1 
and  101-01  1 at  l6,l  pm  and  Il,L  urn  respectively,  the  bands  02°I  -»  0 '0  and 

101  -»  200  at  1:  ,^5  pm  and  10,9  pm  respectively,  and  the  bands  01^1-l'°0  and 

o 

101  -»  12  0 at  10,6,  4m  and  9-58  Pm  respectively.  All  >f  these  bands  together 
account  f’->r  less  than  one  pi.-rcent  of  the  total  radiative  decay  and  may  b’.  ui,-- 
regarded  in  calculating  the  efficiency  of  . .J  urn  radiation  in  producing  1,3  4m 
radiation. 

In  order  to  observe  this  f!u  r’  so-nc!'  in  the  Laboratory  it  is  necessary 

to  conduct  measurements  at  .'uff ic  i'-ntly  ' w pressuiv'o  that  quenching  and 

energy  transfer  processes  do  n ,t  r-’duc'  the  population  ;f  the  levels  101  and 
o 

02  I at  a rate  which  is  so  rapid  as  to  compjLetely  quenc.a  the  1,3  4m, 

In  a laboratory  measurement  of  fluorescence  at  1,3  4m  produced  by  : ,7pm 
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excitation,  there  are  several  possible  transitions  which  can  contribute  to 
fluorescence  at  l.'J  pm.  These  possibilities  are  summarized  here. 


At  low  pressures  where  radiation  Is  rapid  compared  with  energy  transfer  and 
quenching  collisions,  the  main  component  of  U.5  pm  radiation  v/ill  be  due  to 
the  bands 


(1) 


At  moderate  pressures  of  pure  CO^,  one  expects  that  the  main  mechanism  f.r 
prjductlon  of  radiation  wiuLd  he  due  to  the  following  sequence  of  events: 


Followed  by 


00^(021) 

1 

+ C0„(000)  k 

00^(020) 

CO,.  (101) 

cl 

- 

00^(100) 

+00^(001) 


2(a) 


002(001)  -»  00^(000)  +hv(i*.-;)  (2b) 

Whether  or  not  emissions  ( l)  or  2(b)  is  predominant  depends  on  the 
pressures  used  and  on  the  rate  constant  for  the  energy  transfer  2(a). 

‘c. 

V/hen  this  work  was  originally  proposed  we  were  not  sure  how  large  k^  mig'ht 
be,  but  recognized  that  it  might  be  as  rapid  or  possibly  even  m re  r.apid 
than  the  transfer  reaction 

00,  (001)  + N,^(v=0)  -♦  CO,  (000)  + N (v=l)  (5) 

c.  c. 

The  rate  constant  f r this  reaction  Is  'j.  10  A tranrff.-r  rate  this  r'ipid 


f r the  corresp  inding  react!  .ns  ' {»)  w 'u!.d  indicate  that  pr' : ; urcs  in  tlie 
rang*'  of  125  mlci- -ns  Hg  would  produce  molecule.:  in  the  001  level  ,'it  a r'ite 
m re  than  five  times  as  fast  as  the  radl.atlve  deciy  in  Eqn.  (1).  The 


p ssibillty  was  therefore  raised  th.at  m '.st  of  ai,y  'a.5  um  radi'iti  n pr  'duced 
would  be  fr  >m  res  in.ance  radiation  001.  -*  000  ratti*'r  tnan  the  flu  resc*nce  due 
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to  lOL  -♦  iOO  and  021  -»  020. 

Thece  considerations  su(’:(>;estc-d  that  reactions  2(a)  would  require 
working  at  low  pressure.^  with  a corresp  'riding  decrease  in  overall  si-gnal  at 
h-'j  w'hlch  is  limited  by  the  am  unt  of  2.7  um  radiation  absorbed. 

In  a sunmai'y  by  Nlckerson^"^  ‘f  rate  constants  for  CO,  , the  rate  constant 
quoted  foi-  reactions  (a)  was  nearly  an  order  of  magnitude  Larger  than  the 
corresponding  reaction  i for  N.  . The  qu.teu  I'ate  constant  was  approximately 
Y X LO  ' This  would  suggest  that  pr  cesc  would  not  greatly  interfere 

with  our  measurements. 

Originally  we  expected  that  v<-  c.utu  distinguish  between  fluorescence 

b'lnds  101  -»  100  and  021  - OlO  and  th<-  r>  s nanci-  band  OOi  -»  000  by  inserting 

a CO  cell  between  the  f luor-  sc- nc<-  ce.l  anti  the  di-te-ctor.  This  should  absorb 
2 

any  resonance  radiatl  n aiiU  tr-;;..;mit  ttif  flu  r<-sci  nc-  band.::  as  will  be 
dlocucoed  further  in  this  rep  rt,  tni.:  may  n,v  be  -lO  simple  ho  we  had  thouf.^ht. 

Our  initial  .attempts  -it  b.'-.i'v  in,-  th--  flu  were  on.,uccesofu ! . 

Vi'e  now  attribute  thi.-.  failur-e  .■.■.ai.n^y  w t.n<  j.  • f •.;i  Inaacquate  iignt  source, 
although  re.'-.ults  which  we  hav-  bt-iin-  i u.  li.r  ;-!-ickb  dy  3 ui’ce  f niuch 
greater  ar-ea  su<'gests  that  or  -■■ir-li-i-  m-.-'isu:''  mi.nt . n ulu  n-iVe  prauuced  .a  me 
measurable  signal. 

Duririg  the  period  ii.  wtiich  w-  w--r-  h-ivin.-  uiffLculty  Itaining  r-esults, 

we  b--camo  -iwire  f st.udies  by  Firis.i  and  M re^  '"^^  irj  which  a last  r -it  . .? 

was  used  t e;-;cite  specific  r tati'n.ai  linos  in  tne  bands  01-  l-l’OO  and  lOl-OOO. 

F TL.wing  a pulsed  excitati  n at  . .7  um,  tnoy  obsei-vod  emis.i.;i  f pm 

radiatio.c.  From  measuremtuits  f • n>  rate  of  d-  cay  of  this  .'if-rsii  tht  y 'btained 

a r'lte  c ristant  f r re-ict.ion.’  (a)  f \ .'j  x LO  . Such  a large  viluc  f.r 

•his  rate  c.nst.ant  su-gests  th.at  very  Little  fluroesccnce  should  b--  Ist-r’veu 

IS 

in  ui-  « ;<pt  rimfnt.;  .'ince  .at  a pressure  of  100  urn  Hg  = ^.cO  x LO  /cc  at  cyt  K, 

5 

tht-  de-io tr . r.  .-f  iOl  and  0,  1 levels  would  occur  at  a rate  of  ~ -.  x 10  s.-’c 
c mp'iri  d with  -i  r-idi.ative  rate  of  YfO  sec  . Thus  most  of  the  l.J  urn  radl’iti  n 
b.'erv"d  w u.d  irivc  t ■ c me  fr  m the  OOL-000  resontuice  b.'ind. 
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This  rate  is  in  fact  so  rapid  that  at  pressures  ->f  the  order  of  L T.rr 
we  might  expect  a Large  number  of  ty  ^ = 1 bands  due  t.  rapid  equilibration 
of  between  various  levels  and  isot  pic  CO,  molecules  which  are 

significantly  populated. 

In  this  report  we  describe  attempts  which  have  been  made  to  date  t. 
characterize  emission  at  pm  by  means  of  a CO^  filter  and  by  varying  the 
iinewidth  in  emitting  and  absorbing  gases.  Our  results  are  not  considered 
to  be  definitive  at  the  present  time. 

The  bands  behave  with  respect  to  self-absorption  as  th0U(gn  they  arise 
from  the  101-000  and  021-02C  transitions.  This  is  in  direct  c jntradicti  n to 
what  v/e  expect  from  the  laser  studies  which  yield  ~ 1.5  x 10  If  our 

results  are  not  due  to  these  fluorescent  bands  then  they  must  c ntain  a large 
c niributi  n of  the  001-000  resonance  band.  The  indications  frni  ur 
t.-xperiments  are  that  this  is  not  the  case  either. 

Our  report  also  summarizes  some  measuremenls  of  the  abs.iute  infensity  f 
the  -.5  pm  emission.  These  results  indicate  that  the  total  rate  I’  quenchiiit* 
f Levels  emitting  at  1.5  pm  is  much  smaller  than  we  would  expec*  f.r  iho 
flu  roscence  bands  if  the  results  of  I’inzi  and  Mo^>re  are  c02-r'‘Ct  in  that  k(,  _ ) 

r 

is  f the  .rdc,r  of  1.5  x LO  . If  it  is  assumed  ohat  we  ■■.v  actually 
b.a.-'i'ving  th  resonance  band  001-000  arid  seme  ther  h t band,-,  .and  is  t pic 
bands,  then  ur  absolute  inten.sity  measurements  yield  a quenchiiv  rate  c r./tan 
which  in  qualitatively  in  agreement  with  existirig  rate  C-.'nstantr  f r CO,  • I:, 

this  care,  nov;ever,  we  fail  ti  see  why  there  is  ii,  appreciah.-'  .'elf  at-  r'p‘  L 
in  ui'  obse  rved  1,5  um  emissi  n. 

V,’e  will  return  to  a brief  discussi  in  f this  p dni  after  presiuit  iii*'  a surm.ary 
f our  results. 
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II.  CALCULATION  OF  LDffiWIDTHS,  CROSS  SECTIONS,  AND  THE  BAND  TRANSPORT 
FUNCTIONS  V AND  T 


II-  : Definitions  and  Forniulas 

In  this  section  we  sumraarize  calculations  which  --.re  used  in  the  dis- 
cussion throutihout  this  report.  For  adaitional  details  and  evatnpl.es,  tne 
reader  is  referred  to  Kuraer  and  James 

The  integrated  absorption  f r a single  Line  of  intensiay  S in  cm  is 


;iven  by 


F = ( I - e ^ M av 


W is  the  equivalent  width.  The  quantity  k(v)  is  the  abs-.rption  coefficient 
and  £ the  path  Length. 

The  t.  tal  line  strenjfth  S is  related  to  k(v);^  by  S = ^ k(v)£  dv  where  the 
Integrati  'll  is  carried  ut  ovei'  the  entire  Line  pr_'fiie. 


For  some  purposes  it  is  convenient  to  introduce  a width  function  which 
instead  of  integratint:  over  frequency,  integrates  over  a dimensionless 
variable  x w'hich  is  defined  as 


where  Jv  represents  the  width  of  a DoppLe”  Shaped  Line  at  a p int  where  the 
intensity  is  d wn  by  a factor  f l/e  fr  m the  intensity  at  line  center.  Ir, 
this  case  the  width  furiction  is  dependent  n the  value  of  the  cr  ss  sect!  n 
at  line  center  and  the  number  density  D abs  rbing  molecules  and  is  given  by 


v;(nj)  = " i - e 


lid  Q{x)l 


vh‘='re  X = 


° ,'ind  Q(x)  representr  the  shape  f the  Line.  The  usual  huLf- 


,'idth  -f  a Doppler  shapr-d  lino  is  relat'  d t ■ by, 


iO 


_ ckT  £m  k 

vhere  j — • 

' m c“ 

For  the  Doppler  Shaped  lines,  the  half -width  can  be  shown  to  be 

= i.58  X 10‘^  ; I v(cm"-) 

The  Cross  section  at  line  center  is  given  by: 

1.1^8  X iO"^^ 

Q — n • 1 

yp(cm"  ) 

The  transmission  function  for  a single  line  determines  the  amount  of 

radiation  in  a single  line  that  can  be  transmitted  through  a sample  f:r  which 

tne  optical  thickness  at  line  center  is  Itj  . This  is  given  by 

o 

_Na  Q(x) 

T(rtJ^)  = — ^ ''  Q(x)e  dx 

. n ^ 


In  the  case  of  a rotation-vibration  band  characterized  by  an  f-nuir.b'T 
for  the  entire  band,  the  corresponding  cross  section  for  a single  rotational 
lino  ij 

J 

~ O where 

J ^ o O o 


T ly 

is  the  rotati  nal  line  strength  and  is  given  for  T.  - .b  ITan.-iti-n 

tj 


b T ^ \ 


+ L 


for  R Branch  lines 


-•T'  1 


+ 1 


1 1 


f r P Branch  Lines 


The  value  of  Nj  for  a sini/le  rotational  line  is  related  to  the  value  f.r  an 
o 

entire  rotation-vibration  band  by 

^^o^band’  ^j"  -»  J' 

where  x >»  represents  the  fraction  of  molecules  in  the  level  J'^  Tne  width 

tj 

function  for  an  entire  rotation  vibration  band  is  given  as 

W (IJT  ) = S 

o j,,  J J ,J 

Similarly,  the  transmission  functions  for  an  entire  rotation-vibration  band 
is  given  by 


T (Kb  ) = S 
J d 

The  calculations  which  we  have  summarized  here  are  carried  out  for  Doppler 
Shaped  lines  and  also  for  lines  having  a Voigt  profile.  In  the  case  a 
Voigt  profile  the  function  Q(x)  appropriate  to  a Voigt  profile  must  be  used. 
These  ca'.cuLati  ns  wi.'  differ  dependinj-f  n the  value  '>f  a parameter  a wl.:-'. 
gives  the  rati  of  the  pressure  broadened  width  t'  the  e-fold  D pa _er 

width  jVp.  The  pressure  broadened  half  width  is  .simply  given  by 


y 


L 


0 

= V 


P 


wh-  r>'  y is  tr.e  wMth  at  atmo.spheric  pressure  and  P is  the  pressure. 


A.-  a final  p int  w-;  n tnat  the  -‘qulva Duit  width  and  line  strength  have  the 
relative  map-nitude-s  as  the  width  function  and  ib . That  is 

W(S)  W(ib) 

3 (lb) 

Th’-s  - i-’  .-u'.*.'  a:-’-  usi'd  in  calculating  lb  values  requirr-d  for  varl  us  pi-orr.uj’c 
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and  path  lengths  dercrlbed  in  this  report. 


Doppler  Line  width 


For  1.5  um  Bands 
021-000  Band 
101-000  Band 


= 2 . l3  y.  10  ■^cm 

= 5.55  X 10  "^cin  ^ 

^ -5  -1 

= 5.  ^5  X 10  ^crn 


Li  the  case  of  pure  CO^  the  pressure  broadened  width  is 
Therefore  at  1 Torr 


y^  = ( .085) 


L . 1 X 10  cm 


.085  GIT.  “/ATn. 


In  the  case  of  pressure  broadening  by  Ne  with  an  assumed  average  half-width 

_ 1 

of  .05  cm.  the  linewidth  due  to  pressui-e  broadening  is 


= (.05)  jfyr  = 6.5  X 10  ''(cm  "/Torr  Ne) 

In  the  case  of  pure  CO^  at  a pressure  of  a few  Torr,  the  Doppler  Hnevidlh  is 
an  order  of  magnitude  greater  than  the  Lorentz  pressure  broadened  halfwldth 
so  that  the  lines  are  nearly  Doppler  in  shape. 


At  approximately  60  Torr  of  Ne,  the  lines  in  bands  .near  1.5  um  have  a 
Voigt  profile  with  a value  of  a = y^/by^  ~ I.;-’-  The  band.''  near  um  will 
have  a value  of  ^ '• 

In  cases  w'here  we  have  calculated  band  function  W and  T , the  calcuLati  ns 
have  been  carried  out  to  J = 100. 


In  addition  to  the  Bands  for  which  w'e  lirt  ffc  values,  we  have  also  carried 
out  calculations  for  a number  of  isotopic  bands.  The  corresp  ndinw  Nc . vaiu> 
arc  obtained  by  multiplying  the  above  Tij  values  by  the  is  t.nic  aV.undance 
ratios.  For  t.ho  loot  pic  65b,  u.  nna  6.7  the  abu.’-.u.ances  are:  j . i 10  , 

••.OL  X 10  ",  and  7.5  x 10  . The  notati  n L'5t  means  ^'”0  '*‘"0  '^*"0  ’ 


1 J 


II- 


Numerical  Magnitudes 


At 


temperature  of  2^b  C the  number 


density  at  a pressure  of  i Torr  is 


given  by 


>.26  X 


10 


f-numbers  for  bands  of  interest  are 

iO 1 -000 
021-000 
001-000 


f = 1.97  X 10 
f = 1.57  X 10  , 
f = L.  14  X 10 


For 


ther  bands 


involving 


the  f number  is  taken  t be  1.14  x 10  . 


The  populati  n of  the  levels  020  and  100  which  are  the  gr  und  state  f the 
021-020  and  101-+100  fluorescent  bands  are 

N(020)  = N(OOO)  X 1.9  X 10 

N( LOO)  = N(OOO)  X 1.5  X lO'^ 

N(OLO)  = N(OOO)  X 7./'  X 10‘" 

This  results  in  the  foiiovlng  values  of  Na^  I r Doppler  Shaped  lines  at  a 

pressure  of  1 Torr  and  a pathLength  of  I cm. 


Band 


( I cm  path,  1 To2'r  pressure) 


021-000  6.52 

101-000  7.75 

001-000  707. 

021-020  l.'Ah 

101-100  .815 

011-010  5^.74 


u 


III.  Calibration  of  Detect  r 


The  InSb  detector  UGcd  in  the  rneaoui’ements  is  calibrated  using  a biackb,/dy 
source  displaced  at  a distance  of  ,'5  from  the  detector.  The  same  pm 
filter  as  used  in  measurements  of  the  radiation  from  the  CO^  fluorescence 
signal  is  used  in  making  this  calibration.  This  filter  is  shovn  in  fig.  (2). 

W 

Given  a bickbody  s...urGe  with  aperature  A and  a biackbjdy  radiance  of  — , 

b TT 

the  total  amount  ..f  radiation  striking  a detector  of  area  A^  at  a distance  d 
away  is  given  by 

— -11)^ 

In  this  e.xpression  is  the  resp.nsivity  of  the  detector  in  uriits  of  mv/watt 

and  f is  a fuioction  describing  the  transmission  of  the  detector  window  and/  r 
\ 

any  filters  which  are  placed  in  front  of  the  detector. 

In  our  experiments  we  use  the  filter  at  l.i  pm  shown  in  figure  (2)  which 

has  a bandwidth  of  0.171  pm  and  a peak  transmission  of  approximately  JOt.  The 

response  of  the  detector  is  essentially  constant  over  such  a small  spectral 

range.  Theref  ;re  we  take  f^ 

K 

f^  = (0.271  pm)  X (0.7) 

and  and  are  given  the  value  they  have  at  h.j  pm. 

The  S'oui’ce  temperature  used  in  these  measui'ements  was  illS.l^K.  The  source 
was  an  Infrared  Industries  calibrated  Biackbody.  Thus  {''■/'it)  « vatts/cirl  - 

3r-pm. 


The  Blackb  dy  Aperature  was  selected 

_ / 

gives  A = 0.17  X 10  ^ cm  . The  detect  r 

O 

thesi-  num>?ricai  quantitifv  int  i the  ab  ve 


to  be  0.0;  5 inches  in  diameter  which 
has  an  area  f '.ll  x 10  cm'  . Puttin 
t'xpressi  n yields 
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-3^ 


Signal  (mv)  = R(mv/vatt)  x ( . h6^) — ) (j .14  x 10 — }_  (^271) (.7) 


(25)‘ 


= R 


1 


1 watt  I 


mv 


-ft 

X (1.35  X 10  watts) 


It  is  necessary  to  make  a correction  to  this  figure  due  to  the  fact  that  in 
a 25  cm  path  through  the  laboratory,  the  1.5  pm  band  of  CO^  will  absorb  some 
of  the  radiation  from  the  blackbody. 


The  Band  strength  of  C0„  is  2706  cm  ^/Atm-STP.  The  mixing  ratio  of  CO^  is 
-h  ^ 

taken  as  5.2  x 10  and  the  path  length  is  25  cm.  Thus  the  total  band  strength 
due  to  COg  between  the  detector  and  the  source  is 


Band  Intensity  = (270^5.2  x 10  ) 


'275 


(25)  = 19.9  cm 


-1 


For  this  value  of  the  Band  Intensity  some  of  the  stronger  lines  are  nearly 

-2  8 

optically  thick  at  line  center,  having  transmission  of  the  order  of  e ~ 
Therefore  a more  accurate  estimate  of  the  amount  of  absorption  is  given  by  the 
band  equivalent  width,  which  will  be  less  than  the  value  of  19. 9 cm  ^ given 
above. 


The  Band  equivalent  width  has  been  calculated  from  the  sum  of  equivalent 
widths  of  individual  lines  in  the  band.  For  a single  line  the  width  W is 
related  to  the  strength  3/  by 

gs 

W = 2ffv  f(x)  where  x = — 

' 2vy 

The  function  f(x)  has  been  tabulated  by  Kaplan  and  Eggers^^^ . Using  their 
table  and  carrying  out  the  calculation  of  V'  for  all  lines  contributing  signifi- 
cantly to  the  band  strength  ve  obtain 

W,  , 15  cm  ^ 

band 

Now  since  l\(um)  = 10  "X‘"  Av(cm  the  band  equivalent  width  in  um  is: 

v;,  , ~ 0.027  um. 

band 
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This  result  indicates  that  in  the  calibration,  it  is  necessary  to  reduce  the 

value  of  the  filter  bandwidth  of  0.271  by  0.027  which  changes  the  value  of 

-8 

1.35  X 10  watts  reaching  the  detector  to  a value  which  is  smaller  by  a 
factor  of  (.271  - .027)/( .271) • Therefore  we  finally  obtain 

-8 

S(mv)  = R^(i.21  X 10  v;atts) 

The  average  of  several  measurements  of  the  signal  was 

Signal  ~ 2.6  millivolts 

From  these  results  we  obtain  the  Responsivlty  of  the  detector  as 

-8 

* (2.6  mv)/(l.21  X 10  watts)  » 


2.IU  X 10  mv/watt 
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IV.  c-alcuiation  of  the  Expected  Signals 

The  abs  .rption  from  a given  beam  of  light  can  be  calculated  frcn.  the 
knovn  intensity  of  the  beam  and  the  vidth  fuxiction  describing  the  abs-rpti.!'. 
for  an  entire  rotation  vibration  band. 

The  width  function  for  a band  is  the  sum  of  the  equivalent  widths  of 
individual  absorption  lines  and  is  given  by 


band  j*j" 


N ,XT  -f//^ 

1 - e"  ^ jdv 


In  the  case  where  all  lines  are  optically  thin, then  the  bandwidth  is  equal  to 
the  total  band  strength.  In  the  case  where  many  of  the  lilies  are  satuiated, 
then  it  is  necessary  to  carry  jut  a detailed  caJcuLaticn.  We  begin  by  con- 
sidering the  optically  thin  case,  and  later  will  extend  oui’  results  t 
account  for  cases  in  which  more  detailed  calculations  are  required. 

Consider  the  following  Geometrical  Arrangement. 
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F r .'i  given  solid  angle  extended  by  the  lens  L as  measured  from  the  source, 

3 X 

a given  area  A,  of  the  lens  L.  and  a given  area  jf  the  source  A , the  flux  in 

/ 2 - 1^  ^ ^ . 
vatts/cm  cm  ' in  the  sample  cell  of  cross  sectional  area  Aj^  is  given  by 


Flux  of  Incident  Radiation 


7T  3 


If  is  the  band  strength  (per  cm  of  path)  of  absorber  in  the  cell, 

then  the  amount  f radiation  absorbed  per  unit  v _ lume  is  F[S^dx].  Within 
this  volume  element,,  an  amount  of  radiatior.  [F  S,^  dx]‘R  will  be  emitted  ir.t 
■•■J7  sterradi'ins . R is  the  fraction  of  excited  molecules  wnicti  enat.  For  a 
detect _r  of  size  A^  this  subtends  a solid  angle  with  p ints  in  dV. 
Therefore  the  fraction  of  this  radiation  strikiiig  tne  detect,  r is  give:,  by 

“X 

■] — . For  I and  x as  sh  wn  in  the  figure  (0  is  just  . 

(f-x)' 

Combining  these  factors  results  in  the  following  value  of  radiati  n 
striking  the  detector  from  a volume  element  A,d 


. n A i'L 

- i • R A , S • -X  dx 

77  ; Aj^  1 b 


which  yields  a total  signal,  of 


- ' C A S R — 
77  list'  -IT 


(£-x) 


= - C A R 

77  os  b 


.(£-x,) 


In  ur  experiment.'  we  have  a filter  'it  the  exit  'iperatuj'e  f the  i'ackb  'ly 
which  rily  traiismll  o .(  urn  radiat.i  .Ti.  Hiere  Is.  ais  .a  filter  li.  fr  nt  f 
the  detect  !•  whicn  nly  Li"m.smit.~.  ^ nm  rtid  ial  i on.  Pli'-ref  re  thi.  i xpreo.- i i. 


p 


for  the  signal  would  also  have  to  be  multiplied  by  the  transmission  of  these 
filters  T_  „ and  T,  ^ . In  the  event  that  the  emitting  bands  are  optically 

2. r 4.^ 

thick  these  will  be  a further  reduction  in  the  signat  by  an  amount  W(Nj)/lfo 
due  to  self  absorption.  Finally  an  additional  factor  of  {2  .j) is 
required  since  photons  at  h.j  pm  which  are  emitted  are  less  energetic  than 
2. 7 pm  photons  by  the  ratio  2.7/^. 5.  Since  our  signal  is  expressed  in  watts 
rather  than  photons/sec.,  this  correction  factor  is  necessary. 

Some  additional  refinements  to  this  calculation  are  discur.sed  in  section 
VI  when  we  describe  some  absolute  intensity  measurements. 


1 


j: 

. 
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V.  AttenuHtl  .n  of  the  fj.ra  Signal  by  Various  CO^  Filter  Ceils 

We  have  carried  out  a number  of  experiments  aimed  at  characterizing  the 

1.3  radiation  which  we  have  observed  following  irradiation  of  CO,  by  2-7  um 
radiation.  Various  experimental  arrangements  have  been  used  and  are  illus' 
trated  in  figure  (3)  arrangements  I'E,  2-B,  and  3"B- 

Initially  we  used  the  arrangement  shown  in  I -B  in  which  .a  iC.t  um  flu  resc'.  nee 
cell,  was  followed  by  a cell  of  1.8  cm  Len.^':th  which  was  to  act  as  a filtei-  for 
CO^  bands  which  terminate  on  the  grjur.d  state  (OOO)  of  CO.  . A •• . 3 ui'i  filter 
shown  in  figure  (2)  was  placed  in  front  of  the  detect  r. 

With  this  arrangement  we  observed  a signal  f ,‘Jl  >.  10  watts  when 
the  ib.6  cm  fluorescence  cell  had  1 Torr  of  CO,  plu.:  (0  T rr  f Wf  wltn  tm- 

1.3  cm  filter  cell  removed.  Evacuation  -f  the  flu  rescer.ce  c-  ro.'u.'ou  i;. 
Loss  of  this  signal.  Inserting  the  fllt,er  cell  which  was  fiLloal  witti  8 Torj' 

COg  and  60  Torr  Ne  did  not  reduce  the  observed  signal,  in  fact,  it  appoart.-d 
that  there  may  have  been  a slight  increase  in  signal,  f thf  rcler  f /o, 
which  may  be  due  to  some  fluorescence  .iccurring  in  the  filter  cell  sinci-  there 
was  no  filter  between  the  fluorescence  cell  and  the  filter  cell  to  blsck  out 
2.7  pm  radiation. 

Althowih  several  different  choices  of  pressuri’s  were.'  utilized  with  this 
arranf^'cmcnt,  we  c insider  this  data  to  be  uns.atis,factoi’y  b'-cause  f t hC'  pi.  sible 
complication  of  both  fluorescence  and  abs  rptin  ccuj-ring  in  the  CO,  filt.'-r 
cell.  To  eliminate  this  complication  wc  placed  Hh-  •• . ' urn  filter  bcLwt  i-n 
the  f I uorcscf  nco  cell  and  the  filter  cell  as  s.hown  in  arratigc  rac-r.i  , -B  of 
figure  3 • 


Using  arrangement  t -p  ,-xnd  the  filter  cell  the  r.ame  as  bcfoi-e  (8  Tut  CO 
+ 60  Torr  Ne)  and  the  fluorescence  cell  filled  wi+h  1 T rr  of  CO  + 00  T rr  N' 
a signal  1.;  x 10  ' ^ wattr:  war.  observed.  (The  smaller  sirnai  in  tii  i.;  arrange'  | 

ment  in  due  to  the  smaller  aperature  .f  the  filttr  cell  wlieti  i.h''  mr  fili.r  | 

in  placed  at  Uk>  win<low  of  the  filter  cell.)  A*'ain,  the  sign'll  war  unch'uiged  j 

by  inserting  r ren  ving  the  filter  ce'l.  ] 
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Addition  of  60  Torr  of  Ne  to  the  fluorescence  cell  containing  7-5  Torr  of 

-IP 

CO^  resulted  in  an  increase  of  signal  to  9-o  x 10  watts. 

Additional  measurements  utilizing  arrangement  2-B  were  made.  The 
resulting  change  inserting  or  removing  the  filter  cell  were  the  same^ 
namely  essentially  no  effect  on  signal. 

For  convenience  we  summarize  a number  of  these  results^  plus  the  ones 
ali’eady  mentioned,  in  table  (l).  We  also  show  the  calculated  transmission 
through  the  filter  cell  which  is  expected  for  the  021-020  band  and  the  001-000 
band.  The  band  transmission  functions  were  calculated  as  discussed  in, 
section  (ll).  We  show  the  results  for  values  of  the  parameter  a describing 
a voigt  profile  of  a = 0,  a = 1 and  a = 1.5.  ''  (Recall  that  a * 0 corresponds 
to  a Doppler  lineshape.)  We  have  only  included  measurements  where  the 
pressures  in  the  fluorescence  cell  and  filter  cell  are  ^ilar  or  the  band 
transmission  functions  are  calculated  assuming  identical  line  shapes  for  the 
absorbing  and  emitting  lines. 

Inspection  of  this  table  shows  that  essentially  none  of  the  signal  is 
absorbed  by  the  00^  filter  cell.  The  calculated  transmission  of  the  fluores- 
cent bands  is  of  the  order  of  90"^  since  the  pressures  used  correspond  to  an 
a value  of  1.5-  The  fact  that  the  transmission  for  the  resonance  001-000 
band  is  less  than  5^  suggests  that  the  observed  signal  cannot  be  due  to  the 
resonance  band.  The  results  are  more  nearly  what  one  would  expect  for  the 
fluorescent  band  021-020.  Even  here  the  transmission  is  greater  than  the 
calculated  vaiue.  Tills  could  be  due  to  the  fact  that  the  lines  may  be  more 
broadened  by  Ne  than  suggested  by  our  choice  of  0.05  cm  " ATm  for  the  Ne 
pressui’e  broadeiiing  coeff  ic  lent . 

In  view  of  the  results  using  arrangement  2-P  we  decided  to  interchange 
the  filter  cell  and  the  fluorescence  cell  so  as  to  increase  the  amount  of 
absoi-pti  'n  ibtainnt  le  with  the  filter  cell.  This  resulted  in  arrangement  5-B 
f fi.-:ui-e  (0. 
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the  experimental  procedure,  the  observed  transmission  is  uncertain  by  a few  percent 
arrangement  the  16.6  cm  cell  is  the  fluorescence  cell. 


Iri  Table  we  currunarize  two  sets  of  measurements  which  were  made  with 
this  oonf if'uration. 

The  results  of  Table  2 are  similar  to  those  in  Table  1 in  that  they  also 
suggest  that  the  radiation  observed  is  due  to  the  fluorescent  bands  rather 
than  due  to  the  resonance  band. 

The  quantitative  agreement  between  observed  and  calculated  transmissl-ns 
is  not  completely  satisfactory.  In  the  case  of  pure  CO,  in  both  cells  • t 
2 mm  pressure^  the  pressure  broadened  linew’ldth  sh  uld  be  only  ab  ut  of 
the  Doppler  width  based  on  - ur  discussion  of  Section  ( II) . Therefre,  we 
expect  that  the  transmission  v;  uld  be  less  than  .7C  calculated  f ;r  a »=  1 , and 
only  slightly  greater  than  the  value  . ■'■•S  calculated  for  pure  Dcpplei'  .ine 
shape.  The  transrnisclon  appears  te  be  great' -r  than  we  expect. 

Additional  experiments  will  be  required  before  a detailed  evaluation  f 
this  data  is  possible.  Also,  it  seems  Likely  that  it  may  be  necesss.ry  t ■ 
allow  for  the  variation  of  linewidths  v.-ith  rotational  state  in  accurate 
calculations  of  the  transmission  functi''ns. 

Certainly  the  qualitative  conclusion  to  be  inferred  from  the  comparisens 
given  above  strongly  suggest  that  the  observed  'i.5  urn  signal  is  uue  t. 
fluorescence  rather  than  resonance  I’adiation.  This  conclusion  is  in  distinct 
c ntradiction  to  the  value  of  1.'  x 10  for  the  rate  constant  of  rescti.ns 
which  would  Indicate  that  at  c:  mm  pressure  the  rate  of  loss  of  (Od)  CO,, 
molecules  would  be 

k = (1.5  X 10*'°)  n = 6.5?  X lO^Vcc 

n O - ' 

Rate  = b.5  X 10  sec 

- 1 U 

which  is  greater  than  thf;  radiative  rate  of  w;  0 sec  by  a I'actor  of  . x LO  . 

Calculation. describi-d  in  the  fall, wing  .-•■■cti  n tr'-atlf.g  the  rt.a.'n itud  of 

th  'b.-crv"d  . irnals  .■u.'i’’'-.'t  ttiat  the  qu'  nchint'  f Ui'o  ,b.'c:’ven  signal  is 

- 10 

much  ;’l  W' I-  than  exp'  Ct'd  f ir  k = l.l  10 
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The  subscript  on  the  calculated  transmission  refers  to  the  parameter  a characterizing 
a Voigt  Prcl'ile.  a=0  is  the  pure  Doppler  case. 


Our  results  at  the  present  time  seem  to  indicate  that  the  observed 


signal  is  due  to  fluorescence  and  that  the  rate  constant  for  reaction  1 must 

-10 

be  much  greater  than  1.3  x 10  by  several  orders  of  magnitude. 

Another  possibility  which  we  should  consider  is  that  the  rate  constant 
f.r  reactions  2(a)  is  actually  1.5  x 10  With  such  a rapid  rate,  we 

might  expect  rapid  equilibration  of  the  vibration  between  all  levels  of 

COg  w'hich  are  thermally  populated  and  between  all  isotopic  molecules.  Due 
to  the  fact  that  many  lines  of  the  001-000  band  are  optically  thick  under 
the  conditions  of  this  experiment,  it  is  possible  that  the  observed  signal 
has  a large  contribution  from  weak  bands  which  are  either  hot  bands  or  isotope- 
bands.  In  order  to  explore  this  possibility  \ie  present  in  table  5,  the 
results  of  a calculation  which  includes  the  more  important  isotope  bands  i-jid 
hot  band  s . 


In  making  the  calculation  shotm  in  table  (5),  v/e  have  assumed  that  the 
excitation  in  the  021-000  and  101-000  bands  at  2.77  and  2.69  dm  is  essentially 
constant  tliroughout  the  1.8  cm  fluorescence  cell.  In  this  case  a reasonable 
approximation  to  the  emission  from  this  cell  v/ill  be  given  by  the  width 
functions  for  the  bands  at  1.5  pm. 


The  IC  values  for  the  bands  listed  in  table  5 are  calculated  assuming  a 

Eoltzman  distribution  of  all  of  the  levels  Involved  and  using  normal  isotopic 

abundances.  The  signal  observed  will  be  proportional  to  the  pr  duct  of 

Vi,  in  the  fluorescence  cell  and  the  transmission  of  that  b---nd  thi’  -u-'h  the 

b 

filter  cell  T,  (Na)^,,  . The  transmission  crilculated  for  arl  b:ind.'  togetn'-r 

b Filter 

is  Just  the  ratio  of  the  signal  with  the  filter  ir.  place  *■  ;>  the-  va  .ue  with 
the  fllt'.-r  removed  ar.i  is  giv-  n by 


T;  Vi,  (no),,.  ■ T,  (Kh),,. 

y.  k ' Foj  ,i-escent  b Fi 


Filter 


X'  Fluorescent 


wh-.T'’  the  sum  k is  V'-r  all  the  lines  in  the  band.  In  this  ca.-te  the  c;!- 

culated  t.r-insmiss  i n f .05  is  still  well  below  the  bst-rved  vilue  sf 
■^ppr-ximat  .-ly  70"^. 
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These  calculations  are  not  quantitatively  exact.  The  width  function  for 
the  021-000  hand  in  the  fluorescence  cell  is  VJ^(Na)  = I8.5  whereas  the  value 
of  Na  is  22.75  which  indicates  that  the  excitation  is  not  strictly  uniform 
along  the  length  of  the  1.8  cm  cell.  The  variation  is  not  drastic,  however 
and  the  results  presented  in  table  3 should  remain  qualitatively  unchanged. 
That  is,  even  considering  many  weak  bands  does  not  explain  the  high  observed 
transmission.  It  seems  as  though  the  only  reasonable  explanation  for  this 
high  transmission  is  that  the  observed  signal  is  predominately  due  to  the 
fluorescent  bands  021-020  and  101-100, 
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VI.  Determination  of  Approximate  Quenching  Rates  From  Absolute  Intensity 
Measurements 

Measurements  of  the  absolute  radiance  at  1.3  pm  produced  by  irradiating 
CO^  at  2.7  pm  were  nade  using  the  arrangement  shown  in  figure  (3)  arrangement 
L-A.  With  this  arrangement  the  signals  are  larger  than  with  the  other 
arrangements  and  the  geometry  lends  itself  to  simpler  calculations.  We  use 
the  following  expression  for  the  observed  signal 


Signal  (watts) 


W 

ff 


’.7 


TP.  A 
s s 


2d 

% 


(i-x^)je  b 


2.7 

^.3 


W(No 
Nij 


^1.3'' 


The  blackbody  temperatui'e  was  1148.^  ^K.  The  resulting  blackbody  radiances 
are : 

P 

* 0.797  w/cm  - pm- Sr 
.7opm 


= 0.809  w/cm^ 

.69  pm 


pm-Sr. 


The  transmission  of  the  filter  at  2.7o  pm  is  73^6  and  at  2.b8  pm  is 
This  filter  is  shown  in  fig.  2.  If  S^(X)  represents  the  band  strength  per 
cm  of  path  under  the  conditions  of  the  experiment,  then  total  rate  of 
excitation  per  cm  of  path  in  the  fluorescence  cell  is 

Total  watts  absorbed  = [ ( -797)  ( -7^)  .7>j)  + ( .809)  ( . l8)S^(2.59)  ] 

Where  is  the  solid  angle  which  the  front  face  of  the  fluorescence  cell 

makes  with  a point  at  tiie  soui'ce  and  A is  the  area  of  the  source. 

^ s 

Figure  It  shows  the'  geometry  used  in  this  calculation.  A,  is  taken  as 

2 ^ 

the  area  of  the  blackbody  cavity  opening  which  is  3.2k  cm  . is  taken  as 

the  areia  of  the  2.7  pm  filter  divided  by  the  square  of  the  distance  to  the 
blackbody  opening  which  is  5.8  cm.  This  gives  an  effective  solid  angle  of 
.22  Or.  For  points  nc'ar  the  edge  of  the  bL^^ckbody,  the  2.7  pm  filter  subtends 
a smaller  solid  angle,  therefore,  we  choose  0.2  Sr  as  an  approximate  value 
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r 


2.7 

for  Q . The  signal  in  watts  has  a factor  •, — 7 since  for  a given  number  of 
s 4 . j 

photons,  the  number  of  watts  is  smaller  at  h.5  than  at  1 .7  by  thii  ratio. 
is  seen  from  figure  4 to  be  1.9  cm  and  i is  '.7  cm.  The  detector  has  an 
area  of  0.0514  cm”^ . T,  is  the  transmission  of  the  4.5  um  filter  placed  in 

4.  j 

front  of  the  detector.  This  has  a transmission  of  70^  and  is  shown  in  fig  (;). 

If  the  band  strengths  are  expressed  in  wave  nunfcers,  then  it  is  convenient 
to  multiply  the  blackbody  radiances  by  7-5  x 10  * to  convert  from  watts/um-Sr-cm'’ 
to  watts/cra  -Sr-cnT, 


The  total  signal  expected  is: 

.o'  S,  (2.69  ' 

(.797)(.7--)s^(2.76)  11*^  j 


7.5  X 10“'(.r)(5.24)(.05l4)  ^|(.7)  ;^i 

IT  ^-.0' 


w(m) 

IWT 


4.5 


(i-x,  ) (i) 


[1.54](5.02  X 10"')Sj^('^.76) 


W Jfo)  . ^ . R 

(4c)  . (£-X. 


This  result  is  expressed  in  terms  of  the  absorption  occurring  for  the  : .7t  pm 
band  times  a factor  I.54  to  account  for  the  fact  that  under  the  conditions  of 
our  experiment  the  101-000  band  is  contr ibutlnr  about  .54  times  the  contribution 
of  the  or  1-000  band  to  the  total  excitation  rate.  We  consider  a meaoui'eme-nt 
where  the  total  pressure  of  CO,,  7 mm  H^r  with  no  added  gas. 

£i 

The  band  strength  under  these  conditions  i. 


^ 57. 4 (cm  \-'ATri:-cm;  ^ 

7'-0  Torr/ATm  | dC  / ' 


= 0.517  cm  /cm 
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IS 


The  factor  x, /(/-x,,,)i  = 0.28.  Combining  these  factors  gives: 

C.  d 


signal  = 5-59  x.  LO 


-8  W(ltr) 


In  this  expression  R is  the  ratio  of  4.5  i-un  photons  emitted  to  the  quencMn^j 
of  levels  emitting  at  4.5  pm.  The  ratio  (w/nj)  is  included  to  account  for 
the  fact  if  the  ‘+.5  um  emission  is  occurring  in  optically  thick  bands,  then 
the  radiation  escaping  will  be  reduced  by  this  factor  due  to  self  absorption. 

If  we  assume  that  the  emitted  radiation  occurs  in  the  bands  021-020  and 
101-100,  the  riij  values  for  these  bands  are  16.94  and  10.24  with  corresponding 
values  of  W(rfcj)/NCT  of  .86  and  .91  respectively  for  Doppler  line  shape  and 
.94  and  .96  for  Voigt  profiles  with  a = I.  Since  the  Lorentz  Pressure  broadened 
width  is  almost  as  large  as  the  Doppler  width,  the  a = 1 value  is  a better 
choice.  We  therefore,  take  W(lfa)/lfo  to  be  ~ .9h.  TTiis  gives  a calculated 
signal  of: 

-8 

Signal  = 5-57  x 10  watts. 

-2  .8  - L 

The  observed  signal  has  a value  of  2 x 10  mv  -r  2.l4  x 10  mv/watt  * 9-54  x 10 
watts.  This  implies  that  P,  has  a value  of  2.77  x 10 

A 

R can  be  expressed  as  R = 

A + Q 

where  A = 420  sec  ^ is  the  4.5  pm  Einstein  emission  rate  and  Q is  the 
quenching  rate.  At  7 Torr  Q has  a value 

Q = (5.26  X 10^^) (7) (k) 
where  k is  the  quenching  rate  constant. 


F^om  the  above  value  of  R,  the  quenching  rate  constant  is 

-15  5 -1 

k = 6.6  X 10  cm  sec 

While  these  calculations  are  not  highly  accurate  quantitatively,  they  do 
indicate  that  if  the  observed  radiation  is  truly  f luoreiicence  then  the  quenching' 
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of  these  levels  is  not  occurring  nearly  an  rapidly  as  would  be  suggested  with 

-10  , . 
a value  of  1.^  x 10  for  reactions  P(a). 

If,  for  C'jmparison,  we  assume  that  the  radiation  at  1.5  urn  is  occui-i-irig 
in  the  resonance  band  001-000,  then  the  value  of  Nj  for  the  1.5  um  bands  i.s 
8.91  X 10'^  and  the  corresponding  ratio  W(rb) /Nj  is  ~ .105.  With  this  valui.- 
of  W(rtj)/ltr,  the  resulting  value  of  R is 


R - 


?.18  X LO' 


With  this  value  of  R,  and  the  same  rate  constant  expression  as  given  above, 
the  quenching  rate  constant  becomes: 

- 1 1 

k 7.24  X 10 

These  estimates  of  k cannot  be  considered  to  be  accurate  because  the 
geometry  is  such  that  our  simple  caiculatiun  is  not  adequate.  Furthermore, 
the  calcuLatlons  assume  that  the  rate  of  absorption  in  the  P.J  |im  bands  is 
uniform  along  the  1.8  (ira  Length  of  the  fluorescence  cell.  Consider  the  O.YO  dm 
band  for  which  the  Ifo  value  at  1.8  cm  path  and  J Torr  is  79-  For  this  value 
of  ifcT,  the  bandwidth  function  W^Ifo)  has  a value  of  65  which  would  decrease 
the  calculated  signal  by  about  o 1%. 

Thus  in  the  case  of  the  assumption  of  purely  fluorescent  bands  the  value 
of  k obtained  .should  be  reduced  about  P L'jh  to  yield 

k ~ 9.P  X lO' 

In  the  case  of  the  a.ssumption  of  purely  resonance  bands,  the  value?  of  k 
should  be  reduced  even  more  r.inc'-  due  to  the  large  optical  d('pth  of  the 
resonance  band  only  radiation  originating  very  close  to  tii('  exit,  window  c.an 
escape . 


Iri  this  case  it  is  really  necessary  to  cons.ider  Uie  excitat.ion  occurring, 
at  a given  point  alorig  the  f luor'-ncerice  cell  and  calcul.at  Ing,  the  fr, action  of 
4.5  dm  radiatiori  emitted  fr  im  t.hat  point  which  can  reach  th(<  ('xit,  window  of 


the  cell.  Ttiia  requires  an  integration  of  the  product  f the  volume  emission 
rate  and  the  transmission. 

The  total  ?ij  of  for  tne  .76  pm  band  results  in  a width  functioi.  of 
. If  we  consider  the  amount  of  absorption  occurring  in  tne  last  lO/o  of  the 
path  length  for  a total  IJo  of  71*  + 7-9  the  contribution  to  W(.’fo)  fx’om  the 
first  '90^  of  piith  is  approximately  ^8  as  compared  with  5 f-r  the  last  LO^. 
Therefore,  tlae  amount  of  .7  urn  radiation  being  absorbed  next  to  the  exit 
window  per  unit  volume  is  -ccurring  at  a rate  which  is  5/7*9  oh  about 
less  than  the  rate  of  absorption  calculated  for  optically  thin  urn  bands. 

The  optical  deptii  of  thi.s  last  l./iO  f path  Length  for  the  h.J  bands  if  they 
are  assumed  to  be  res.inance  bands  1.3  Ma  = 8.91  x.  10’  for  which  V.'(Nj  ~ 2.90x10“^. 
Therefore  W(Na)/(rtr)  ~ .525*  The  signal  from  this  portion  is  down  from  the 
purely  non-opticaliy  thick  case  by 

(.0  ^](-5^^5) 

The  other  90"^  of  molecules  contribute 

^ 58  j ^ /V;(3.>5  X iO^  X .7)  I 

i ''  I 1 (8.95  X 10'  X .9)  ' 

The  tr'tn.'m1.':'ion  'f  this  radiation  through  the  remaining  10'^  of  path  length 
i.-  ~ .1/5*  C mbinir.g  these  factors  yields  a loss  of  signal  of  the  order  of 
.05..  rather  thari  .1  5>  which  suggests  that 

R ..h  uld  bi:  approximately  Y.t5  x 10 
-ll 

wtiich  yi"’.d.’  k = . x 10 

kill  le  m i'  - I'xa.ct  c'l  lcuLati,;n.'  .'h  uld  be  carried  u+ , we  have  uncertainties 
and  v'lri'iti  r..-.  fr  m .■■■vMrai  diffvri  i;i  ■ ■xp>,-riments  of  the  rdvi-  f 15  t _■  0^  so 
that  until  ^ur  xp'-rimi-r.tri ! technique  is  refined,  these  appr  ximate  caiculati  n 
arc?  s'ufric  iorg  f r a aual  it -..t  i v>-  as.'.es.sment  of  our  results. 
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Experimenta  with  the  arime  ^rrangeinc-nt  dijcuased  in  the  above  exp<  rimeiit 
have  been  treated  in  a aiir.il, ar  mannei'  and  yield  simitar  i-esuits. 

In  the  case  of  pui'e  CO  at  I.5  T rr  , the  tre.-itment  desci’lbed  at  ve  yields 

•Ui  bsei'Ved  sitrn.a!  f x iO  watts  and  the  following’:  results. 

k ~ 7.1  X iO  ' "'cn/sec  ' if  radiation 
'tsstum-d  t b*^  fluorescence 

- ' t ‘j  - i 

and  k ~ 5.^  x LO  “ ctii  sec  if  radiation  assumed  t.;  be  OGl-000  res  .•na.ace 
radiatl  r. . 

V.'h'  r-  t.hi-  pr-  -■.•Ui-e  was  reduced  to  OSC  T rr  of  pure  CO  , a sirnal  f at  ut 
-!1 

. X 10  w"!.-  bserved.  I.n  this  case  the  values  .bt.ained  f r k were 

erser,  beirt^ 

k ~ X to  if  the  signal  is  assumed  t ■ be  flu  rescenct 

arid 

k ~ i.b  X 10  if  it  is  assumed  to  be  res  nance. 

At  these  low  pressures  in  pure  CO.  , the  apparent  increase  in  the 
que.nching  rate  is  prob.ably  due  to  loss  ,f  excited  molecules  in  coilisiins  with 
the  walls.  Certainly  the  results  at  t 80  micron  Hg  are  urirellable  due  t. 
quenching  by  wail  collisions.  At  pressures  above  a few  mm  Hg,  diffusi.n  to 
the  waLls  should  not  be  an  imp:  rtant  loss  mechanism. 

Vliiie  our  experiments  at  tli  is  .stage  do  not  permit  us  to  draw  quantitative 

concLusions,  we  can  make  some  qu-alitative  statements.  If  we  a:;sume  that  the 

bserved  radiation  at  -.5  pm  is  predominately  due  to  th«»  001-000  band,  then 

- 1 i 

we  obtain  values  of  the  quenching  rate  constant,  of  the  rder  of  . x 10 
This  is  not  an  unreasonab io  value,  since  accepted  rate  c -nstant  f r the 
quenching  ,f  the  001  level  have  been  repoi'ted  t ■ bo  of  this  'I'der  _f  m.-igtiitudv 
This  interpretation  does  n 't  .agree  with  ur  experiments  using  CO,  as  a filter 
which  su<:gests  that  m.ist  :f  the  r.adiaticn  is  in  the  bands  0.'  l-O.'O  and  lOi-lOO. 


S 

i 


/ 


In  order  that  nu-t  of  the  radiati  n ie  in  bands 
rate  c n.stan'  f I'eacti  ,ti  (a)  cann  •!  b'  as  large  ,as 


101-100  and  C 1-0,  ..  . tlv 
1.:'  X i0‘^°.  The  fac’ 


17 


that  the  trancmioslon  experiments  suggest  that  very  Little  of  the  radlati  n 
observed  is  in  the  band  001-000  and  the  fact  that  the  intensity  measurements, 
based  on  the  assumption  of  fluorescent  bands  being  the  major  contributor, 
leads  to  a quenching  rate  constant  of  the  order  of  5 x 10**’^  both  tend  t^ 
support  the  interpretation  of  the  t.'  pm  radiation  as  arising  from  fluorescent 
bands . 
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VII. 


Sir-mRY  AND  DISCUSSION  OF  RESULTS 


We  have  conducted  experiments  in  which  it  has  definitely  been  established 
that  pm  radiation  is  produced  when  CO  ^ is  ij'radiated  with  2.7  pm  radiati-n. 
Oui’  .:umni.ary  of  attenuation  measui'ements  In  secti-n  V and  the  sui.'iir.ary  cf  abo  'lute 
intensity  measurements  in  section  VI  su{’;cest  that  a Larfj;e  portl'On  .f  the 
observed  radiation  arises  from  bands  OfL-OiO  and  101- 100  rather  than  fr  :r.  the 
00 ’-000  band. 


In  examining  m-  attenu';!! -n  calculati  ns  ve  sh.uld  p ir.t  ut  the  fact 
that,  tile  transini.’sion  tla-  'U.'h  the  filter  cell  is  calculated  ■i.^-.'-ui.’.in;'  that  th‘ 


Lineshape;-'  of  the  radiati-n  '-merring  from  the  f luoresce.acc  cej.x  '.iv-  the  stune 
as  f r the  aboorptloii  cell.  Si.nce  the  emerging  radiati  n will  be  from  ptically 
t.hick  sample.;  if  it  is  due  t the  resonance  band  OCl-OoO,  there  sn..uld  be  c^n- 
sidei'able  r.-idiati  n in  t.he  -wings  of  the  Lines,  so  that  ui-  ca;.cu’.'ited  trans- 
miss,  i .r.  for  the  '.'Ol-OGO  band  is  n .t  really  correct,  and  the  actual  transmissi,  ri 
•will  be  ni=>-hor  than  that  calculated  in  tables  I,  II,  and  III  for  the  ptically 
thick  bands.  V.'hat  is  required  is  -m  integratl  .n  :f  the  v iu.me  emissl.n  rate 
times  the  tran.;mi.'sl  n ths  urh  the  ga.;  between  the  emitting  region  and  the 
uetecti.r.  This  will  include-  a transmissi  n through  both  the  f I'uorescencc  ceil 
and  tne  filter  cell.  A comp-trl.son  f these  res-ults  witn  and  with.ut  the  filter 
Cell  in  pL'ice  wouid  c ri-'  sp  nd  t ur  xper imenta  1 measurement.  If  the  t tal 
Na  'f  the  flu  .re.;cence  cell  Is  Nc^  and  the  total  No  f the  filter  cell  Is  Ka 
•and  it  is  assumed  that  all  of  the  excitation  ccur.-  near  the  front  fac-  f the 
flu  T''-.-.'',ccnce  cell  (i.-  .,  the  -wind  w f-irtnest  -iw.ay  fr  ni  the  filter  cell)  th-.  n 
the  signal  with  ut  the  filter  ceil  in  place  w uld  be  prop  r’,i  nai  t T(Na)j^ 

•irid  with  th"  filter  cell  in  place  i'  w uld  be  pr  port!  r.a ; t T(N0  -x  Nc,  ). 

This  places  -ui  upp^-r  limit  x.  the  observed  t ransmiss i 'n  sf 

T(NJ  + Nc  ) 


C id' r -lag  th-'  -a-r'in.-’' -ment 
is.  .5b  1’’^  ’>xd  Nc  is 


<’■  .bT 

rru't  X 


T(NCj_  ■ 


in  T'lblr  II  when-  f r 1 ho  flu 
','‘i j X 10  " f r -..he  fii-st  entry. 


rescenci  cell  NCj^ 
the  vilue.-  of  Nc's 


1-'  .'uL*  in 
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0 


(T  . J = 9-c  X iO'"  for 


= .^1  for  a = 1 


Theje  numbers  are  c ' nsider'ibly  higher  than  the  values  slnv;r.  in  t'ne  tabi<=-. 

Since  the  excitation  is  essentially  uniforin  along  the  fiujrescence  cell,  the 
actual  transmission  should  be  smaller  than  these  figures  suggest.  The  fact 
that  our  observed  transmission  is  still  greater  than  these  upper  limits 
suggests  that  much  of  the  observed  signal  can  still  be  regarded  as  flu  rescenee 
rather  than  resonanc’,  radiation.  A caicuiation  for  all  the  bands  of  Table  III 
in  -which  we  calculate  the  ratio 

(Na,)  T (No,  + Nc^) 

S T (rfcj_) 


•ind  use  this  result  in  table  III  r-ither  than  Just  the  filter  cell  tra.nsmi.'si 
shows  that  an  uppt  r Limit  t the  transmissi.n  as  cvilcuiated  using  all  ,f  the 
bands  in  table  III  is  approximately  04  rather  tnaji  the  calculated  5}o  sho-wTj 
below  table  III. 

'.•■hile  om-  results  may  be  misle-iding  as  shown  in  tables  I,  II,  ••.nd  III,  w'e  still 
feel  that  there  is  evidence  f r an  'ippreciablo  contributi,n  fr,m  the  fluorescent 
bands  rather  than  the  resona.nc'-  bancis.  At  the  present  stage  of  these  experinie.’.ts 
it  is  probably  pre.^lature  to  make  any  definite  statement.^  rosnrdini'  the  c.m- 
posltion  .f  the  ob.;ti'V''d  • . u::i  radintl;;.  Until  such  time  as  detailed 
radiative  transp  r‘  calcuiati.ns  are  carried  ,ut  under  a variety  f carefu.iy 
selected  experimental  arrangement r-,  we  cnn!;.t  -irrive  at  definitive  values  f.r 
ttie  c mposltioti  of  tti<-  •*.!  pm  rndiati  n. 

')ur  estimate.n  f the  amount  f quenching  taking  place  cannot  be  c 'nsld<.-red 
r’  liabLe  until  s'uch  a d’_-t-ills-d  r-idiativii  transport  calculation  is  carried  .-ut. 

It  is  pr.bably  prefernV  le  t detennini'  quenching  rates  from  detailed  measurement.'. 

f the  pressure  dep’-niior.C’s  of  tr."  emissi  n rather  tnan  from  abs.  lute 
intensity  m.  -eur’ 'ms-nt  s . .3uch  me-isurements  are  far  fr  n.  simpb  , h W’Ver,  in  tl.at 
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changing  the  pressures  of  CO.  and/;r  added  gases  n^t  n y change.;  the  oueriching 
rates,  bu^  also  changes  the  line  sh-ipes  and  thei'ef.rc-  affects  th>.  calcuLoti  n 
f the  radiative  transport  fur.ctions  required  in  reducing  tne  data.  Utilizing 
carefully  selected  experimental  c nditi  ns  sh  u ;.d  lean  t a cjmp.ete  ur.d’ r- 
standing  of  the  mechanisms  determining  the  c mp  sition  and  intensity  f tne- 
f luoresence . 

We  expect  t^  examine  the  possibility  that  laser  e.xcitation  might  lead  t 
re.'u.ts  which  differ  from  th 'se  obtained  u'ioizing  a continuous  s.,urce.  Since 
rotational  redistribution  is  expected  to  take  pi.ace  rapidly  at  very  i.w 
pressures,  it  .seems  unlikely  that  the  two  excitation  meth  ds  v.u;d  requl>-e 
different  treatments.  We  are  considering  the  use  of  a iO.fc  pm  laser  t excit*’ 
tie  OOi  level  and  then  examine  the  resultant  pm  emissi.n.  Measui’einents  f 

tne  transmission  characteristics  of  this  radiati  n under  a variety  .f  c ■nditi  ns 
may  aid  in  understanding  the  high  transmissi  ns  observed  in  ur  exp.  r iments . 

In  the  event  that  our  results  can  only  be  explained  on  the  basis  f a 

value  of  k for  reacti  in  (l')  which  is  orders  of  m.arnitude  smrtliej'  the.r. 

-10 

1.5  X .10  , then  it  will  be  necessary  to  find  an  altern.ative  ex.planati  r,  f r 

the  laser  studies  which  produced  this  resuLl.  Until,  such  time  as  we  have  c m- 
pLetely  explained  cur  results,  it  is  probably  n.t  advisable  t..  seek  at. 
alternative  explanation. 

It  is  clear  that  a detailed  understanding  of  this  lab  ..rat  ry  experiment 
will  Involve  a theoretical  treatment  which  will  be  applicable  tj  several 
important  applications  involving  the  transpor'  of  radiation  in  the  atm^sphtre. 
The  laboratory  studies  will  provide  a meth  d f r verifying  such  the  retical 
treatments  of  atmospheric  radiative  transfer  problems  and  u ..tiiruately  increase 
the  credibility  of  the  the'ory. 
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